DNA lesions, induced by genotoxic compounds, block the processive replication fork but can be bypassed by specialized translesion synthesis (TLS) DNA polymerases (Pols). TLS safeguards the completion of replication, albeit at the expense of nucleotide substitution mutations. We studied the in vivo role of individual TLS Pols in cellular responses to benzo[a]pyrene diolepoxide (BPDE), a polycyclic aromatic hydrocarbon, and 4-hydroxynonenal (4-HNE), a product of lipid peroxidation. To this aim, we used mouse embryonic fibroblasts with targeted disruptions in the TLS-associated Pols h, i, k, and Rev1 as well as in Rev3, the catalytic subunit of TLS Polz. After exposure, cellular survival, replication fork progression, DNA damage responses (DDR), and the induction of micronuclei were investigated. The results demonstrate that Rev1, Rev3, and, to a lesser extent, Polh are involved in TLS and the prevention of DDR and of DNA breaks, in response to both agents. Conversely, Polk and the Nterminal BRCT domain of Rev1 are specifically involved in TLS of BPDE-induced DNA damage. We furthermore describe a novel role of Poli in TLS of 4-HNE-induced DNA damage in vivo. We hypothesize that different sets of TLS polymerases act on structurally different genotoxic DNA lesions in vivo, thereby suppressing genomic instability associated with cancer. Our experimental approach may provide a significant contribution in delineating the molecular bases of the genotoxicity in vivo of different classes of DNA-damaging agents.
Exposure to environmental genotoxic agents is associated with the induction of replicational stress, genomic alterations such as nucleotide substitutions, amplifications, deletions, and rearrangements, and cancer. Nucleotide substitution mutations are generated by DNA translesion synthesis (TLS), an evolutionarily conserved DNA damage tolerance pathway that is responsible for most DNA damage-induced mutations (Waters et al., 2009) . TLS is catalyzed by specialized DNA polymerases (Pols) that insert a nucleotide opposite replicationblocking DNA lesions. Mammalian cells express multiple TLS Pols, most notably the Y family DNA Pols Rev1, g, i, and j and the B-family Polf that consists of a catalytic subunit Rev3 and an accessory unit Rev7 (Waters et al., 2009) . TLS Pols display a low selectivity of nucleotide incorporation and lack proofreading activity, and therefore, TLS is an inherently mutagenic process. By allowing the completion of replication of damaged DNA templates, TLS prevents persistent replication fork arrest and quenches S phase checkpoint activation and apoptosis, mediated by the Atr/Chk1 pathway (Jansen et al., 2009a,b) .
Epidemiological studies have indicated that diet is an important modifying factor in cancer risk in man. Accordingly, consumption of polyunsaturated fat and alcohol is linked with an increased risk for cancer of breast, esophagus, and liver, whereas high intake of red meat is correlated with an increased risk of gastrointestinal cancers (Khan et al., 2010) . Grilled meat, barbecued food, and burnt toast contain significant levels of benzo[a]pyrene (B[a]P), a polycyclic hydrocarbon that is a well-established carcinogen in animal models and is considered to be a causative agent for various cancers in humans (Rybicki et al., 2004) . In eukaryotic cells, B[a]P is converted metabolically into benzo[a]pyrene diolepoxide (BPDE) that mainly interacts with the N2 position of guanosine, although reaction products with adenosine are also found (Cheng et al., 1989) . BPDE-induced DNA lesions induce predominantly nucleotide substitutions at G.C base pairs in mammalian cells. Such mutations are indeed found in tumors from mice exposed to B[a]P (Ruggeri et al., 1993) and in the genome of lung cancer cells from an individual who was exposed to B[a]P via tobacco smoke (Pleasance et al., 2010) . The latter tumor additionally contained a considerable number of genomic rearrangements. Moreover, exposure to BPDE contributes to the deletion of chromosome 9p21, which is frequently found in bladder cancer (Gu et al., 2008) . Together, these findings strongly suggest that B[a]P-induced carcinogenesis involves both nucleotide substitutions and double-stranded DNA breaks (DSBs) that underlie large-scale genome instability.
Another important diet-related mutagen is 4-hydroxynonenal (4-HNE) that is formed during processing and storage of food (Kanner, 2007) . In addition, cellular levels of this a,b-unsaturated aldehyde increase after consumption of red meat, fish, shellfish, and vegetable oils (Surh and Kwon, 2005) . Most of the cellular 4-HNE, however, is generated by peroxidation of polyunsaturated fatty acids following endogenous oxidative stress. In DNA, 4-HNE mainly induces poorly repaired N 1 ,N2-propanodeoxyguanosines. In addition, low yields of exocyclic etheno adducts at guanine, adenine, and cytosine are produced following oxidation of 4-HNE to its epoxide (Poli et al., 2008; Schaur, 2003) . Similar to BPDE, 4-HNE may induce nucleotide substitutions and genome instability in mammalian cells (Eckl, 2003; Poli et al., 2008) . Suggestive evidence of a link between 4-HNE-induced nucleotide substitutions and cancer is provided by the finding that in the human p53 gene 4-HNE preferentially reacts with the bases of codon 249, which is a mutational hotspot in hepatocellular carcinoma (Hu et al., 2002) .
Although multiple in vitro studies with purified proteins have shown that BPDE-and 4-HNE-induced DNA adducts are bypassed in a mutagenic fashion by various TLS Pols with different efficiencies (Ogi et al., 2002; Wolfle et al., 2006; Yang et al., 2009; Zhang et al., 2002) , little is known about the contribution of TLS Pols in protection from BPDE-and 4-HNE-induced genome instability in vivo. Here, we set out to study the role of individual TLS Pols in cell survival and replication fork progression and in the suppression of DNA damage responses (DDR) and DSB formation in vivo, following exposure to BPDE-and 4-HNE. To this end, we used mouse embryonic fibroblasts (MEFs) lines with defined deletions in the Y family DNA Pols g, i, j, and Rev1 as well as in Rev3. In addition, we included a MEF line containing a deletion of the N-terminal BRCT region of Rev1, which is important for recruitment of Rev1 to stalled replication forks during an early mutagenic TLS pathway (de Groote et al., 2011; Jansen et al., 2005 Jansen et al., , 2009a . Our data fit a model describing specialized roles for Polj and Poli and a general role for Rev1, Rev3, and Polg in suppressing DDR and genome instability induced by B[a]P and 4-HNE.
MATERIALS AND METHODS
Cell culture. Immortalized MEFs homozygous for a targeted deletion of the N-terminal BRCT region and MEF lines deficient for Rev1 or Rev3 were described previously (Jansen et al., 2005 (Jansen et al., , 2006 . Day 13.5 embryonic fibroblasts from Polg-or Poli-deficient mice were kept in culture until spontaneous transformation. Polg-deficient mice have been described previously (Delbos et al., 2005) . The generation of Poli-deficient mice will be published elsewhere (Aoufouchi, S., Delbos, F., De Smet, A., Reynaud, C.-A., and Weill, J.-C., in preparation) . Polj-deficient cells were generated as previously reported (Ogi et al., 2002) . All MEF lines were cultured in MEF medium as described (Jansen et al., 2009a) .
Chemicals. BPDE (Biochemical Institute for Environmental Carcinogens, Grosshansdorf, Germany) was dissolved in anhydrous tetrahydrofuran (THF, Sigma-Aldrich) at a concentration of 150lM and stored at À20°C prior to use. 4-HNE (Merck) was dissolved in ethanol (EtOH) (10 mg/ml) and kept at À80°C until use.
Cell proliferation assay. Into each well of a 6-well plate, 5 3 10 4 exponentially growing cells were seeded in MEF medium and cultured overnight. The cells were exposed in serum-free medium (SFM) to 0-0.25lM BPDE for 20 min at 37°C or to 0-10lM 4-HNE for 2 h at 37°C. After incubation, cells were gently washed twice with PBS and cultured in MEF medium for 3 days. Cells were then trypsinized and counted using a Z2 Coulter particle and size analyzer (Beckman Coulter).
Alkaline DNA unwinding assay. Replication fork progression was measured using a slightly modified alkaline DNA unwinding (ADU) assay (Johansson et al., 2004) . Briefly, 5 3 10 4 cells per well were seeded in a 24-well plate and cultured overnight in MEF medium. Prior to BPDE treatment, cells were pulse labeled with [ 3 H]thymidine (2 lCi/ml; 76 Ci/mmol) in MEF medium for 15 min and washed once with PBS. BPDE was added to 1 ml SFM at a final concentration of 1.5lM, and the cells were incubated at 37°C. After 15 min, SFM was aspirated and replaced with complete medium. For 4-HNE, cells were treated with 15lM 4-HNE in SFM for 1 h, after which the cells were washed and immediately pulse labeled for 15 min with [ 3 H]thymidine (2 lCi/ml; 76 Ci/mmol) in MEF medium. THF and ethanol were included as solvent controls. At different times, up to 6 h, cells were washed twice with 0.15M NaCl and incubated on ice in the dark with an ice-cold denaturation solution (0.15M NaCl and 0.03M NaOH) for local denaturation of DNA at replication forks. After 30 min, the reaction was stopped by adding 1 ml of 0.02M Na 2 HPO 4 . Following sonication for 30s using a Sonifier 250 apparatus (Branson), the lysates were stored overnight at À20°C after addition of SDS (final concentration of 0.25%). Single-stranded DNA (ssDNA), representing replication forks, and double-stranded DNA (dsDNA), representing replicated DNA, were separated using a hydroxyl apatite column. The ssDNA was eluted with 0.13M K 2 HPO 4 pH 6.8, and the dsDNA was eluted with 0.25M K 2 HPO 4 pH 6.8. The radioactivity in both eluates was determined by liquid scintillation counting (PerkinElmer).
Western blotting. Per 9 cm dish 10 6 cells were seeded and cultured overnight in MEF medium. Subsequently, cells were washed twice with PBS and exposed in SFM to 0.5lM BDPE for 15 min or 15lM 4-HNE for 1 h. After washing with PBS, cells were cultured in MEF medium. At different times, cells were lysed using Laemmli lysis buffer. Proteins were separated by SDS-Polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane (Hybond-C extra, Amersham Biosciences). The membranes were incubated overnight at 4°C with rabbit monoclonal anti-phospho Chk1 (S345) antibodies (Cell Signaling), a mouse monoclonal anti-phospho-H2AX (S139) antibody (Millipore), and a mouse monoclonal anti-actin antibody (Oncogene). After incubation with secondary antibodies conjugated to peroxidase (Bio-Rad), proteins were visualized by enhanced chemiluminescence detection. At least two completely independent experiments were performed for each genotoxin.
Cytokinesis-blocked micronucleus assay. To investigate the induction of DSBs and associated genome instability, we employed the cytokinesis-blocked micronucleus assay. Per 9 cm dish 1.5 3 10 6 cells were plated and cultured overnight. Then, 75,000 cells were seeded on an autoclaved glass slide (76 3 26 mm) and cultured for 24 h. Cells were washed twice with 10 ml PBS and exposed to equitoxic doses of BPDE or 4-HNE in SFM at 37°C for 20 min and 2 h, respectively. THF and ethanol were included as solvent controls. After exposure, cells were gently washed once with PBS and cultured in MEF TLS AND FOOD GENOTOXIN-INDUCED RESPONSES medium. Twenty-four h after exposure, 3 lg/ml cytochalasin B (cyt-B) (Sigma-Aldrich) was added to inhibit cytokinesis. After 24 h, cells were fixed in 3.7% cold paraformaldehyde: 10% Triton-X100 (20:1) at 4°C for 15 min. Then, slides were washed thrice with ice-cold PBS and subsequently nuclei were stained in the dark with 4,6-diamidino-2-phenylindole (17.5 ng/ml) (Sigma-Aldrich) for 15 min. To dehydrate the cells, the slides were soaked in the dark in 70%, 90%, and absolute ethanol for 5 min each. Before scoring, slides were mounted using Citifluor AF1 (Citifluor, U.K.). The percentage of binucleated cells that contained one or more micronuclei (MN) was determined using a fluorescence microscope and the Metafer 4 program (Metasystem, Germany).
RESULTS

Toxicity of BPDE and 4-HNE to TLS Pol-Mutant Cell Lines
To determine the role of different TLS Pols in the cellular responses to structurally divergent environmental and foodderived genotoxins, we assayed cell proliferation in MEF lines with deficiencies for individual TLS Pols following exposure to BPDE and 4-HNE ( Figs. 1A and B ). After exposure to BPDE, proliferation of MEFs deficient for Rev1 or Rev3 was strongly inhibited, compared with wild type (WT) MEFs ( Fig. 1A ), suggesting an important function of both Rev1 and Rev3 in protecting cells from BPDE-induced cytotoxicity. A comparable sensitivity was found for Rev1 BRCT MEFs that contain a homozygous deletion of the N-terminal BRCT region that was previously found to be largely dispensable for cytotoxicity of UV light (Jansen et al., 2009a) . MEFs deficient for Polg or Poli displayed moderate sensitivity to BPDE. A similar result was found for MEFs deficient for Polj, supporting the proposed role of Polj in TLS of BPDE-induced DNA damage (Ogi et al., 2002) . Completely different contributions of most TLS Pols in cell survival were found for exposure to 4-HNE ( Fig. 1B) . Thus, 4-HNE inhibited cell proliferation very strongly in MEFs defective for Polg, Poli, or Rev1, whereas proliferation of cells deficient for Polj upon 4-HNE treatment was only mildly affected. Interestingly, Rev1 BRCT MEFs showed the same sensitivity as WT cells suggesting that, in contrast to BPDE-induced toxicity, the BRCT region of Rev1 is not involved in protection against 4-HNE-induced cytotoxicity ( Fig. 1B) . Similar to BPDE, 4-HNE was toxic to Rev3-deficient MEFs, suggesting a general function of Rev3 in the cellular response to 4-HNE and BPDE. When combined, these data demonstrate differential involvement of individual TLS proteins in protection against cytotoxicity induced by BPDE and 4-HNE.
Differential Roles of TLS Pols in Replication Fork Progression
To study the underlying cause for the differential BPDE-and 4-HNE-induced toxicity, we asked whether the MEF lines with different TLS deficiencies vary in replication fork progression after BPDE or HNE treatment. To test this, we used the ADU assay that measures the progression of replication forks. In this assay, replication forks are pulse labeled with [ 3 H]Thymidine immediately before or after genotoxin treatment. The persistence of radioactivity at isolated ssDNA ends, which are derived from replication forks, indicates their prolonged stalling.
Compared with mock-treated cell lines ( Fig. 2A) , replication fork progression at 2 h after BPDE treatment was delayed to some extent in all cell lines (Fig. 2B) . Fork progression was particularly impeded in MEF lines defective for Rev1 or Rev3. At 6 h after BPDE exposure, persistent fork stalling was still observed in Rev1-and Rev3-deficient MEFs as well as in Rev1 BRCT MEFs (Fig. 2C) . These data indicate that both Rev1, via its BRCT region, and Rev3 are involved in replicative bypass of BPDEinduced DNA lesions. Increased fork stalling was also found for MEFs deficient for Polg, albeit to a lesser degree than MEFs defective for Rev1 or Rev3 (Fig. 2C) . In contrast, compared with WT MEFs, Polj-and Poli-deficient MEFs displayed no significant reduction in fork progression at 6 h following BPDE exposure (Fig. 2C) , indicating that Polj and Poli do not play major roles in the bypass of BPDE-induced DNA lesions.
We also performed ADU assays with the cell lines after treatment with 4-HNE. Compared with immediately after treatment (Fig. 2D) , at 2 h after treatment significantly reduced replication fork progression was observed in MEF lines defective for Polg, Poli, and Rev1 ( Fig. 2E) . Only in Polgand Rev1-deficient MEFs, the replicational delay was maintained for an additional 4 h (Fig. 2F) damages, such as those induced by BPDE or, to a lesser extent, UV-C light (Jansen et al., 2005) . Importantly, replication fork progression in cells that were treated with the solvents THF or ethanol was not affected in any of the cell lines (data not shown).
Activation of Chk1 in TLS-Deficient Cells Exposed to BPDE and 4-HNE
Arrested replication forks may trigger the activation of the DDR kinase Atr that, among others, phosphorylates the effector protein kinase Chk1 at Serines (S) 317 and 345 (Ward et al., 2004; Zhao and Piwnica-Worms, 2001) . To test whether the BPDE-and 4-HNE-induced replication fork arrests correlate with Chk1 activation in the various TLS-deficient MEF lines, we quantified Chk1 phosphorylation at S345 (Chk1 S345-P ) following exposure to 0.5lM BPDE or 15lM 4-HNE (Figs. 3A and C). Within 8 h after exposure to BPDE, strong induction of Chk1 S345-P was found in MEF lines deficient for Rev1, Rev1 BRCT, or Rev3, which very well correlates with the sensitivity and the robust replication fork arrests observed in these cell lines ( Figs. 2A-C) . Activation of Chk1 was attenuated in Polg-or Polj-deficient MEF lines, corresponding with the reduced sensitivity and replication fork blockage. BPDE-induced Chk1 S345-P in Polj-deficient cells has also been reported elsewhere (Bi et al., 2005) . WT MEFs and Poli-defective MEFs, cell lines that showed no strong sensitivity and no significant replication fork delay, presented only low levels of Chk1 S345-P following BPDE treatment (Figs. 3A and C) . In contrast to BPDE, exposure to 4-HNE did not result in the induction of Chk1 S345ÀP in any of the MEF lines tested (data not shown). This finding may be explained by the relatively low frequencies of DNA lesions induced by this food compound under the conditions used (Figs. 2D-F). Formation of c-H2AX in TLS-Mutant Cells Exposed to BPDE and 4-HNE Arrested replication forks may eventually collapse, resulting in the formation of DSBs that underlie translocations and genome instability. Phosphorylation of histone H2AX at S139 (c-H2AX) may reflect its activation by ssDNA (de Feraudy et al., 2010) but is generally used as a marker for the formation of DSBs (Rogakou et al., 1998) . To investigate DSB formation in response to BPDE or 4-HNE treatment in the MEF lines, defective for individual TLS Pols, we therefore investigated the formation of c-H2AX in the different mutant MEF lines, upon treatment with either BPDE or 4-HNE. The highest induction of c-H2AX was found in BPDE-exposed MEF lines defective in Rev1, Rev1 BRCT, or Rev3. Also, Polgdefective MEFs exhibited a significant induction of c-H2AX ( Figs. 3B and C) . In these cell lines, levels of c-H2AX increased rapidly within 8 h after BPDE treatment and continued to increase more slowly at later time points. Thus, the induction of c-H2AX was correlated with the level of sensitivity and inhibition of replication fork progression in the different TLS Pol-mutant cell lines. Compared with the other MEF lines, WT-and Poli-defective cells induced much less c-H2AX upon BPDE exposure (Figs. 3B and C) , which parallels the relative insensitivity and absence of fork arrests in these cells. Interestingly, the magnitude of c-H2AX formation also correlates with that of Chk1 S345-P , although the latter peaks earlier than the formation of c-H2AX in most cell lines (Fig. 3C ). Together, these data suggest that persistent replication fork arrests at BPDE-induced DNA lesions trigger the formation of other types of DNA damages, possibly DSBs, which induce the phosphorylation of H2AX.
Exposure of MEFs to 4-HNE resulted in a strong and timedependent induction of c-H2AX in cells defective in Rev1, Rev3, Polg, or Poli (Figs. 4A and B) . Interestingly, this induction occurred a few hours later than in MEFs exposed to BPDE. WT MEFs, Rev1 BRCT MEFs, as well as MEFs deficient for Polj hardly produced c-H2AX in response to 4-HNE exposure (Figs. 4A and B ). Although these results correlated well with the observed 4-HNE sensitivities, the correlation with the inhibition of replication forks was less clear (Figs. 2D-F) , possibly because only a small number of arrested replication forks might be sufficient to induce the formation of c-H2AX that can be visualized by Western blotting.
Induction of Genome Instability After BPDE or 4-HNE Treatment
To provide direct evidence for the formation of BPDE-or 4-HNE-induced DSBs, we monitored the generation of MN in the various TLS-defective MEF lines, using the cytokinesisblocked micronucleus assay. MN are a well-established readout for both chromosome breaks and chromosome loss and therefore for genome destabilization (Fenech, 1993) . In initial experiments, all MEF lines were exposed to the same dose of BPDE (0.05lM) or 4-HNE (10 and 20lM). These exposure levels, however, strongly inhibited cell cycle progression in some of the TLS-mutant MEF lines, resulting in low numbers of binucleated cells and, consequently, an underestimation of MN formation (data not shown). For this reason, MN formation was measured at equitoxic doses, resulting in 70% cell killing for each MEF line (Figs. 1A and B) . In Figure 5 , the MN frequencies for each MEF line were normalized for the dose used. Cells were cultured for 24 h following BPDE exposure, after which cytochalasin B was added to block cytokinesis, resulting in binucleated cells that were scored for the presence of MN. Under this condition, a moderate BPDE-induced increase in MN formation was found for WT and for Poli-, g-, and j-deficient MEFs cells as compared with solvent (THF)-exposed cells (Fig. 5A) , indicating that BPDE-induced DNA lesions cause DSBs in these cells. However, the induction of MN was much more pronounced for Rev3-and Rev1-defective MEF lines, exposed to BPDE. Similar experiments, using equitoxic doses of 4-HNE, showed moderate TLS AND FOOD GENOTOXIN-INDUCED RESPONSES but significant increases of MN formation only in Poli-, g-, Rev1-, and Rev3-deficient MEFs (Fig. 5B ). In conclusion, these data suggest that the formation of DSBs occurs after cellular exposure to food genotoxins that can block elongating replication forks. Furthermore, Rev1 and Rev3 are major players in protecting mammalian cells for DSB formation following BPDE or 4-HNE exposure.
DISCUSSION
Exposure to DNA-damaging compounds induces cytotoxicity, nucleotide substitution mutations, and genomic instability and, ultimately, the development of cancer. In the present study, we found specialized and general roles of TLS Pols in replicating genomic DNA, averting DDR, and curtailing genome instability, following exposure of mammalian cells to the food and environmental genotoxins BPDE and 4-HNE. We used direct acting BPDE instead of B[a]P to exclude the effect of possible differences in expression of appropriate cytochrome P450 isomers between the various MEF lines.
The importance of Rev1 and Rev3 in replicative bypass of BPDE-and 4-HNE-induced genomic DNA damage is supported by (1) the colocalization of Rev1 with the replication processivity clamp proliferating cell nuclear antigen in human cells upon BPDE exposure (Mukhopadhyay et al., 2004) , (2) the involvement of Rev1 in BPDE-induced mutagenesis (Mukhopadhyay et al., 2004) , (3) the essential role of Polf in the replicative bypass of a site-specific BPDE-N2 guanine adduct in a gapped plasmid in mammalian cells (Shachar et al., 2009) , and (4) the participation of both Rev1 and Rev3 in mutagenic TLS across a 4-HNE-induced heptanone-etheno cytosine adduct in vivo (Yang et al., 2009) . The importance of Rev3 in bypassing BPDE-and 4-HNE-induced DNA lesions most likely resides in its function of extending mismatched nucleotides, induced by one of the Y family Pols opposite a wide variety of DNA lesions (Waters et al., 2009) . Probably, Rev1 plays a noncatalytic role in the bypass of BPDE-and 4-HNE-induced lesions because the spectra of nucleotide substitution mutations induced by these lesions do not reflect the incorporation of deoxycytosines, characteristic of the catalytic activity of Rev1. More likely, Rev1 may act as a scaffold to control the activity of other TLS Pols that interact with the C-terminus of Rev1 (Guo et al., 2003) . The phenotype of Rev1 BRCT MEFs that display a defect in TLS of BPDE but not of 4-HNE reveals a separation of function. Possibly, the majority of 4-HNE-induced DNA lesions require the Rev1 catalytic domain, which is still active in Rev1 proteins with a defective BRCT region (Nelson et al., 2000) .
We found that Polg is involved in TLS of both 4-HNEand BPDE-induced DNA damage. Possibly, Polg mediates TLS opposite 4-HNE-induced DNA adducts at adenine (Schaur, 2003) because 4-HNE-induced DNA adducts at cytosine and guanine are no substrates for nucleotide incorporation by Polg in vitro and in vivo (Wolfle et al., 2006; Yang et al., 2003) . Exposure of mammalian cells to BPDE results in the relocalization of Polg to nuclear foci and BPDE-induced adducts at guanines form substrates for Polgmediated error-prone bypass in vivo (Langie et al., 2007) . Our findings suggest that Polf is more important for TLS at BPDE lesions than Polg. The mild phenotypes of Polg-deficient MEFs in response to BPDE are probably caused by redundancy between Polg and Polj in the insertion of nucleotides opposite BPDE-induced DNA lesions during TLS (Shachar et al., 2009) .
In our studies, Polj-deficient MEFs displayed only moderate phenotypes in response to BPDE. However, Polj is believed to play an important role in TLS of BPDE adducts in vitro and in vivo (Shachar et al., 2009) . Possibly, redundancy between Polg and Polj prevents the persistent accumulation of stalled replication forks in the Polj-deficient cells, whereas Chk1 S345-P , c-H2AX, and MN may result from a transient defect in TLS at BPDE adducts. Alternatively, phosphorylation of Chk1 and formation of c-H2AX may reflect persistence of ssDNA gaps that are not filled by Polj during nucleotide excision repair of helix distorting DNA lesions in G1 phase cells (Ogi et al., 2010) . Although Polj-defective MEFs displayed a mild sensitivity to 4-HNE (Fig. 1B) , 4-HNE-induced DNA lesions did not provoke The function of Poli in TLS and DDR is not well understood. It was reported that Poli may play a role in the repair of oxidative DNA damage (Petta et al., 2008) and in error-prone TLS of UV damages in cells lacking Polg (Wang et al., 2007) . We now find that Poli-deficient MEFs are extremely sensitive to 4-HNE, strongly suggesting that Poli is important for efficient bypass of 4-HNE-induced DNA damage. In support, 4-HNE-dG adducts are excellent substrates for Poli-mediated TLS in vitro (Wolfle et al., 2006) . The induction of MN in Poli-deficient cells suggests that the inability to bypass 4-HNE lesions in vivo may lead to stalled replication forks that ultimately result in the formation of cytotoxic DSBs (Fig. 5B ).
The differences in DDR between the various MEF lines were more pronounced following exposure to BPDE than to 4-HNE. Most likely, the intracellular concentration of 4-HNE is relatively low due to its strong lipophilic properties that will result in 4-HNE being concentrated preferentially in cell membranes (Poli et al., 2008) . Furthermore, 4-HNE reacts preferentially with proteins, whereas BPDE reacts mostly with nucleic acids (LoPachin et al., 2009; Singh et al., 2002) . Together, this may result in relatively low levels of DNA adducts in MEFs exposed to exogenous 4-HNE as compared with those induced by BPDE. Thus, in HNE-exposed cells, it may take longer when elongating replication forks encounter DNA adducts and fewer replication forks get stalled (Fig. 2) , resulting in slower kinetics of c-H2AX formation as compared with BPDE-exposed cells (Figs. 3B and C and 4A and B) .
All data together suggest that structurally different DNA adducts induced by food-derived genotoxins will be bypassed by different TLS Pols, but a core complex consisting of Rev1, Rev3, and, possibly, Polg is essential for TLS at most stalled replication forks. In the absence of one of these specific or general TLS Pols, stalled replication forks may collapse, resulting in H2AX phosphorylation and the formation of DSBs that underlie the induction of genome instability (Table 1) . Our study tempts us to propose that different TLS Pols, despite being intrinsically mutagenic, restrain carcinogenesis by protecting cells from genomic instability induced by different food-derived and other environmental genotoxins. Finally, we conclude that the set of MEF lines, with targeted deficiencies in individual TLS polymerases, combined with assays that address survival, TLS, DDR, and DSB induction are useful tools in the study of the molecular basis of the genotoxicity of environmental and food-derived agents. 
